The absolute configuration of the diterpenoid 9,12-cyclomulin-13-ol (1), a constituent of Azorella and Laretia species, has been established by vibrational circular dichroism spectroscopy in combination with density functional theory calculations. The obtained normal diterpene absolute configuration confirms that of azorellanol (2), which was determined by single crystal X-ray diffraction.
The Azorella clade (Apiaceae), which belongs to the Azorelloideae subfamily, comprises the Azorella, Laretia and Mulinum genera, which are distributed through the Andes Mountains in South America [1] . They have been shown to be a rich source of diterpenes with closely related carbon skeletons, namely mulinane, azorellane, yaretane and madreporane [2] (Scheme 1). Several representatives of these four skeletons account for a variety of biological activities that many of these species exhibit [3] . Between them are A. compacta and L. acaulis, two sister species within the Mulinum subclade [1a] that are locally known as "llareta", commonly found as highly dense cushions in the highland regions of Chile, Peru, Bolivia and Argentina [1b], and used by the local population as diuretics, analgesic and stomach stimulants. The pharmacological activities arise from the multiple mulilane and azorellane diterpenes isolated from this species, including 9,12cyclomulin-13-ol or 13-hydroxyazorellane (1), a key compound that chemically relates A. compacta [4] and L. acaulis [5] with other Azorella species such as A. trifurcata [6] and A. yareta [7] , from which 1 can also be isolated, thus giving to all the compounds isolated from these species a common botanical origin.
Up to now the only study concerning the complete stereochemistry of Azorella diterpenes relates to azorellanol (2), initially isolated from A. compacta [8] , and later from A. yareta [7] , A. trifurcata [6] and Laretia acaulis [9, 5] , for which a single crystal X-ray diffraction study of its derived 7-p-bromobenzoate allowed the assignment of its absolute configuration (AC) as a normal diterpene [8] . Nevertheless, no attempt to confirm this stereochemical preference has been reported for any terpene isolated from the genus Azorella, in contrast to the case of Calceolaria species, in which a vibrational circular dichroism (VCD) [10] study allowed this confirmation to be performed for their scopadulane diterpenes [11] . Consequently, herein we present a complete VCD study of 1, isolated from Laretia acaulis [5] .
The AC assignment of 1 was secured by a combination of VCD measurements and molecular modeling calculations using procedures successfully applied for several diterpenes, as recently reviewed [10] . A molecular mechanics (MMX) Monte Carlo conformational search showed 27 conformers in the lowest 10 kcal/mol energy range, for which single point energy calculations at the B3LYP/DGDZVP level of theory revealed that only 13 of them presented relative DFT energies in the low 5 kcal/mol energy gap. Geometry optimizations at the same level of theory permitted the identification of four conformers that accounted for 98.0% of the total conformational distribution, and, therefore, vibrational calculations of these conformers were performed affording IR, VCD and free energy data for each disposition. A close inspection of the considered conformers shows a fairly rigid tetracyclic system with the two cis-fused 6-membered rings in a twisted chair/boat arrangement. In turn, the hydroxy group showed a preference for the endo-gauche orientation, while the isopropyl group preferred a conformation with the hydrogen atom oriented parallel to the adjacent methyl group in the same ring.
Single weighted IR and VCD spectra were obtained for these four conformers and compared with the experimental spectra of 1 (Figure 1) , isolated from Laretia acaulis [5] . This in silico evaluation using the CompareVOA software (BioTools, Inc, Jupiter, FL 33458, USA), afforded an anharmonicity factor (anH) of 0.977 for the calculated frequencies, with an IR spectral similarity index S IR of 77.3%, and a VCD spectral similarity for the correct enantiomer S E of 80.2%, which indicated with a 100% confidence Muñoz et al. [12] that 1 has the same absolute configuration as 2. Since 1 has been isolated from A. compacta with multiple mulinane diterpenes, it can be concluded that all these molecules belong to the normal diterpene series. Furthermore, since 1 has also been found as a constituent of A. trifurcata [6] and A. yareta [7] , it is feasible that all mulinane, azorellane and yaretane diterpenes isolated from these species share the same AC. This conclusion can be extended to the only madreporane diterpene from A. madreporica, for which chemical correlation with the former species also exists [2] .
Experimental
Compound: Diterpene 1 was available from Laretia acaulis [5] .
Vibrational measurements:
The IR and VCD spectra were measured on a BioTools ChiralIR FT spectrophotometer equipped with dual photoelastic modulation using 9.1 mg of 1 in 150 µL of 100% atom-d CDCl 3 placed in a BaF 2 cell with a 100 µm path length acquiring data at a resolution of 4 cm -1 during 3 h. The stability of the diterpene was monitored by 1 H NMR measurements immediately prior to and after the vibrational measurements.
DFT calculations:
The conformational search for 1 was started with a Monte Carlo protocol using the molecular mechanics force field implemented in the Spartan'14 software package (Wavefunction Inc, Irvine, CA 92612, USA) using a 10 kcal/mol energy gap. All structures were submitted to single point energy calculations using the B3LYP hybrid functional and the DGDZVP basis set within the Gaussian 03W software package (Gaussian Inc, Wallingford, CT 06492, USA). The relevant conformers, selected according to their energy range, were further optimized with the same software, followed by IR and VCD frequencies calculation at the same level of theory. The calculated VCD spectrum was generated by weighting the individual VCD spectra according to their free energy values using a Boltzmann distribution. Frequencies were scaled using an anharmonicity factor of 0.977 estimated using the CompareVOA software (BioTools Co, Jupiter, FL 33458, USA), and plotted as Lorentzian bands with half-widths of 6 cm -1 .
